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Abstract

In September 1983, the ISEE-3/ICE spacecraft made a long traversal of the distant
dawnside flank region of the Earth’s magnetosphere and had many encounters with the low Mach
number bow shock, These weak shocks excite plasma wave electric field turbulence with
amplitudes comparable to those detected in the much stronger bow shock near the nose region.
Downstream of quasi-perpendicular (quasi-paralel) shocks, the E-field spectra exhibit a strong
peak (plateau) at mid-frequencies (1-3 kHz); the plateau shape is produced by a low frequency
(100-300 Hz) emission which is more intense behind quasi-parallel shocks. Polarization
measurements made in the very steady magnetic field conditions downstream of two quasi-
perpendicular shocks show that the low frequency signals are polarized parallel to the magnetic
field, whereas the mid-frequency emissions are unpolarized or only weakly polarized, A new high
frequency (10-30 kHz) emission which is above the maximum Doppler shift frequency is clearly
identified as a separate wave component, High time resolution spectra often exhibit a distinct peak
at high frequencies; this peak is often blurred by the large amplitude fluctuations of the mid-
frequency waves, The high frequency component is strongly polarized along the magnetic field
and vanes independently of the lower frequency waves.
1.0 Intreduction

From September through December of 1983, the ISEE-3 spacecraft traversed the far dawn-
side region of the magnetosheath and had multiple encounters with the bow shock [Greenstadt et
al., 1990]. Since the shock normal is nearly orthogonal to the solar wind flow direction, the far
flank shocks have low Alfven and magnetosonic Mach numbers. Thus, the | SEE-3 data set
provides a unique opportunity to investigate the plasma, magnetic field, and plasma wave
properties of collisionless shocks in a Mach number regime which has rarely been accessible to
previous satellite studies. In this paper, we focus on plasma wave electric field measurements in
the region immediately downstream of several typical quasi-parallel and quasi-perpendicular flank
shocks. Strong shocks in the nose region of the magnetosheath [Rodriguez and Gurnett, 1975]

and interplanetary shocks [Kennel et al., 1982] generate intense electric field turbulence in the




downstream region. The weak flank shocks might be expected to stimulate a significantly lower
level of downstream wave noise. We find, however, that the electric field spectral amplitudes and
spectral shapes detected behind the flank shocks are quite comparable to the wave properties
observed behind the nose region shocks.

In the sub-solar region of the earth’s bow shock, Rodriguez [1979] identified three types of
electrostatic plasma waves which occurred in the magnetosheath:1) a low frequency component
with a peak near 100-300 Hz, well below the ion plasma frequency (2nfp; = (4xne?/m;)1/2) and
with a smoothly falling spectrum above the peak frequency; 2) an intermediate frequency
component with frequencies between the ion and electron plasma frequencies (fp; < f <fpo) and a
peak near 1 kHz; and 3) a high frequency component at the electron plasma frequency. The low
frequency component resembles the wave spectra typically observed within the shock front
[Rodriguez and Gumett, 1975; Gurnett, 1985], whereas the intermediate and high frequency
components had spectra which are similar to wave emissions in the upstream region. Rodriguez
[1979] suggested that the intermediate frequency waves might be excited by narrow velocity spread
electron beams as are believed to cause the similar upstream emissions. By comparing the voltages
across antennas with different tip-to-tip lengths, Rodriguez [1979] concluded that the wavelengths
of the magnetosheath turbulence exceeded 100 m across the entire frequency band from 40 Hz to
100 kHz. Since IMP 6 had a pair of orthogona antennas and obtained the full waveform from O to
1,0 kHz, Rodriguez [1979] demonstrated that the electric field polarization in this frequency range
was parallel to the magnetic field. At higher frequencies, Rodriguez and Gurnett [1975] used rapid
sample (a measurement of a given frequency channel every 0.32 see) electric field amplitudes to
show that the waves at 3.11 kHz were polarized along the field direction and stated that parallel
polarization was a general property of the magnetosheath wave emissions.

Anderson et al. [1982] reported on two additional aspects of magnetosheath waves. Using
the high time resolution capabilities of the ISEE 1and 2 electric field spectrum analyser and
wideband system, Anderson et al. [1982] discussed short duration emission spikes which spanned

the frequency range from 100 Hz to 56 kHz. These spikes are a permanent feature of the nose




region magnetosheath and made the main contribution to the spectral density above 1.0 kHz. The
HAM passive sounder measurements indicated that the e-folding time of the spikes was less than
or comparable to the 8 msec time constant of the HAM receiver. The electric field spectrum
analyzer showed that the spikes occurred simultaneoudly at all frequencies within the 50 msec
resolution of the receiver. By comparing the electric field amplitudes as measured on antennas of
different lengths, Anderson et a. [1982] concluded that the wavelengths of the spike emissions
were less than 215 m. The most intense spikes have electric fields polarized in the plasma flow
direction, whereas the lower amplitude spikes were polarized aong the magnetic field.

The second magnetosheath emission discussed by Anderson et al. [1982] exhibits a
characteristic falling and rising frequency structure which appears as a “U” or “festoon’’ -shape on
an f-t diagram. These emissions occur below 2-3 kHz. At the higher frequencies, the electric field
was polarized perpendicular to the magnetic field, whereas the lower frequencies were parallel
polarized. From the amplitudes measured on the three ISEE antennas, Anderson et a. [1982]
concluded that the wavelength was less than 73 m but greater than 30 m. The frequency-time
structure of these emissions was explained by Gallagher [1985] as being produced by the response
of a rotating antenna to polarized, Doppler-shifted waves with wavelengths less than the antenna
length. For wavelengths longer than the antenna length, the amplitude response of the antenna is
independent of the wavelength and depends only on the projection of the electric field aong the
antenna. For wavelengths less than the antenna length and for highly polarized signas, the
antenna’ s amplitude response becomes a sensitive function of the rotation angle. Thus as the
satellite spins, the antenna is sensitive to short wavelength signals only during certain intervals of
rotation phase. By fitting the f-t shape of a festoon event, Gallagher [ 1985] deduced that for the
observed (spacecraft frame) frequency range 0.65< f <€ 2.5 kHz, the emission wavelength varied
in the range 5 Ap €A £56 Ap; Ap is the Debeye length based on the electron temperature (A =
Vo/0pe Where Ve = (TyMo)1/2 and tye = (4% ne2/m,)1/2 Yand was about 7 m during this event.
From the linear relation between the observed frequency and wavenumber obtained by the detailed
fitting of the festoon, Gallagher [1985] concluded that the emissions are Doppler shifted ion




acoustic waves. In a complimentary analysis of ISEE observations upstream of the shock,
Fuselier and Gurnett [1984] used Gallagher’s [1982] technique to deduce that the emissions
between 0.5 and 10 kHz were ion acoustic waves with kAp -1,

Recently Onsager et al. [1989] used the AMPTE swept-frequency receiver (SFR)
measurements of magnetosheath electrostatic emissions to examine whether the entire frequency

band between the ion and electron plasma frequencies could be explained as Doppler shifted ion

acoustic waves. In the plasma rest frame, ion acoustic waves have a maximum frequency of f,
and usually have wave numbers restricted to kAp, < 1 by Landau damping. In the spacecraft frame,
the maximum Doppler shift occurs for waves propagating in the plasma flow direction, and the
Doppler shift frequency is fpy fpe (Vsu/Ve) kAp, where Vs, is the solar wind speed. Onsager et
al. [1989] showed that the observed magnetosheath wave spectrum often extended to frequencies
significantly above fp, but still below fp.. They suggested that cold, parallel propagating, low
density electron beams might excite electron beam modes with frequencies up to and even
exceeding fi,., thus explaining the bandwidth of the magnetosheath spectrum. They also noted
that the electric field polarization should be predominantly parallel to the magnetic field, as
observed by AMPTE.

In this paper we concentrate on both the high time resolution and the average spectral
characteristics measured just downstream of two quasi-parallel and three quasi-perpendicular
distant flank bow shocks. Section 2.0 presents the time averaged magnetic and electric field wave
profiles for four flank shocks and discusses some high time resolution wave spectra that identify
the presence of a new high frequency wave component. In Section 3.0 we present high time
resolution magnetic field and wave spectral amplitudes for a quasi-perpendicular and quasi-parallel
flank shock. In Section 4.0 we present the average downstream wave spectra for the flank shocks
and compare these spectra with published electric field spectra measured behind the stronger nose
shocks. Section 5.0 presents measurements of the wave electric field polarization. In Section 6.0

we summarize and briefly discuss our conclusions.




2.0 Electric Field Spectra - A High Frequency Component

The electric field wave spectra and magnetic field measurements were acquired by ISEE-3
on September 22 and 23, 1983, when the spacecraft was located about 83 Rg behind the earth and
about 57 R, on the dawnside flank. On these days ISEE-3 had many encounters with the bow
shock in both the quasi-parallel and quasiperpendicular configurations, During these two days, the
upstream solar wind speed was fairly steady at -400 km/see and the upstream density decreased
dightly from 10 cm-3 on September 22 to 7 cm-3 on September 23. (The plasma measurements
are from the LANL electron spectrometer.) We will discuss four shock crossings which are fairly
typical of those encountered during this interval.

a Quasi-parallel shock at 1706 UT on September 22, 1983

Figure 1 displays electric field wave measurements and the magnetic profiles for a pair of
quasi-parallel shocks. The angle between the upstream magnetic field and the shock normal was
Op, = 19°. The magnct(;sonic (fast) Mach number of the shocks is uncertain since ISEE-3 did not
have the capability to make solar wind ion plasma measurements at this time. The upstream Alfven
Mach number was 2.4 and the upstream electron p=8rnT,/B2 = 0.7; the magnetic field (density)
jump across the shocks was By/B; = 1.4 (ny/ny = 2.0). The downstream region contains large
amplitude magnetic fluctuations and fairly intense plasma wave emissions in the frequency range
316 Hz< f< 5.6 kHz; weak wave signals occur upto31.6 kHz. For a downstream flow speed of
400 kmy/sec and electron temperature of 1.8 x 105°K, the maximum Doppler shift frequency is fp=
10 kKAp kHz.

The right-side of Figure1 displays electric field amplitude spectra (voltsmeter - (Hz)1/2)
over the range 17.8 Hz <f < 100 kHz computed on several time scales; the top (bottom) curve
represents the peak (average) spectral amplitude where appropriate. The top spectrum is a one-
minute peak and average starting at 1704 UT downstream of the first shock. A broad, well-
defined spectral peak occurs between 1.0- 2.0 kHz, which is close to the ion plasma frequency
(f*; = 1 kHz). Above the peak, the spectrum falls smoothly at higher frequencies with a slight

change of dope at 10 kHz bending toward a flatter spectrum.




The four lower spectral curves in Figure 1 consist of two 3 second peak and average
spectra measured between 1704:15-1704:18 (middle) and 1704:12-1704:15 (bottom). Just below
each 3-second average, we show a spectrum made from a single measurement cycle of the plasma
wave detector (a complete frequency spectrum is measured every 0.5 see); the single spectrum is
one of the six such spectra that are averaged to produce the 3 second average spectrum. The
1704:15-183 second average spectrum is very similar to the 1 minute average spectrum at the top
of Figure 1. The single measurement spectrum, however, is very different. The amplitudes below
56.2 Hz are about an order of magnitude lower than in the 3 second average spectrum so that the 1-
3 kHz spectral peak is much clearer in the single spectrum. At 5.6 kHz the amplitude in the 3-
second average spectrum is ten times higher than in the single spectrum. The single spectrum has a
clear bresk in slope at 5.6 kHz and exhibits a gentle bump between 5.6 kHz and 56.2 kHz which
indicates the presence of a separate high frequency emission. In the 3-second average spectrum
this high frequency emission is masked by the gradua decrease of the amplitudes above the 1-3
kHz peak. For the spectra at the bottom of Figure 1, the amplitudes in the 3-second and single
spectra at frequencies just below (316 Hz) and at the 1-1.78 kHz peak are nearly equal; and the
spectral shapes at these frequencies are similar. Between 5.6 and 56.2 kHz, however, the single
spectrum has a definite peak that is not apparent in the 3-second average spectrum, which only
shows a subtle decrease in slope at these frequencies.

b. Quasi-parallel shock at 1551 UT, September 22.1982

Figure 2 displays electric field amplitudes from 178 Hz to 56.2 kHz, the magnetic field
profile, and selected E-field spectra for a quasiparallel shock encountered about an hour earlier on
September 22. The upstream magnetic field made an angle 8, =~ 37" with respect to a model
shock normal, and the upstream Alfven Mach number of the shock was 2.3. The magnetic field
(density) jump across the shock was By/B; = 1.3 (np/ny = 1.8), and the maximum Doppler shift
frequency was fr, = 9 KAy, kHz. The magnetic field structure and E-field amplitudes for this shock

are very similar to those of the 8g,, =19° shock in Figure 1.




On the right-hand side of Figure 2, the top curves are the 3-second peak and average E-
field spectrum for the interval 15S 1:51-54 UT, which is about 30 seconds after the shock crossing.
The average spectrum exhibits two reasonably well-defined peaks at 178 Hz and 1.0-1.78 kHz
and falls smoothly at higher frequencies with a dlight upward bending of the slope at 10 kHz. The
next seven spectra are the single measurement cycles that were averaged to produce the top
spectrum. The impulsive nature of the downstream waves is immediately apparent in that no two
spectraare alike. A strong 178 Hz peak occurs in only three of the seven spectra. At 1 ktiz, the
largest and smallest amplitudes differ by an order of magnitude, and the shape of the spectrum near
the 1.0-1.78 kHz peak is highly variable. At high frequencies, three of the spectra exhibit a
distinct peak between 10.0 and 17.8 kHz, even though the 3-second average spectrum shows only
a dight flattening in this frequency range. This high frequency peak can emerge both because the
amplitudes near 3 -5.6 kHz diminish (as for the first spectrum) and because the 10.0 -17.8 kHz
amplitudes increase. (The largest and smallest amplitudes at 17.8 kHz vary by a factor of five)

The bottom 3-second average spectrum was obtained about one minute after the shock
crossing and clearly exhibits a distinct high frequency peak of 10.0- 17.8 kHz. During this
interval, the high frequency emission was sufficiently intense and steady to not be washed out in
the average spectrum by the large fluctuations in the amplitudes of the waves at lower frequencies.
These high frequency signals can be discerned in the E-field amplitude-time plots for each
frequency channel (top left in Figure 2). The band from 10kHzto 31.6 kHz is enhanced at the
shock and has a different appearance than the signals at lower frequencies, being somewhat less
variable with smaller peak-to-average ratios.

C. Quasi-perpendicular shock at 0515 UT on September 23.19$3

In Figure 3 we present measurements for the 8g, = 62" quasi-perpendicular shock on
September 23, 1983. The Alfven Mach number was 2.3, and the magnetic field (density) jump
across the shock was B,/B; = 1.7 (n/n, = 2). The lower solar wind density on September 23

reduced the downstream maximum Doppler shift frequency to fy, = 6.5 kA, kHz. The magnetic

profile of the quasi-perpendicular shock is much less variable than that of the previous two quasi-




paralel shocks. The E-field wave amplitudes exhibit a sharp onset at the shock and are
significantly less variable than for the waves downstream of the quasi-parallel shock. The most
intense waves again occur at mid-frequencies between 1.0 kHz and 3.16 kHz. At high frequencies
between 10.0 kHz and 31.6 kHz, the wave amplitudes are very steady (low peak-to-average ratios)
and have the appearance of being a separate component from the more variable wave emissions at
lower frequencies.

The 3-second average E-field spectrum at the top of Figure 3 was calculated from the
interval 05:14:08-11, about a minute before the shock encounter. The spectrum has a well-defined
peak at 1.78 kHz and a small peak at 56 Hz. Just below, we display the six single sweep spectra
that were averaged to produce the top spectrum. The 56 Hz peak is due to a strong burst which
occurred in the fifth single spectrum. The spectral shape near the 1.78 kHz peak is highly variable,
with only three of the six spectra exhibiting a sharp peak. Although again not apparent in the 3-
second average spectrum, a high frequency peak or enhancement occurs in five of the six single
spectra, At the bottom of Figure 3, we show an earlier 3-second average spectrum in which the

high frequency emission appears as a distinct bresk in the slope rather as a clear peak.

d. Quasi-perpendicular shock at 0528 UT on September 23, 1983
The final example is a quasi-perpendicular Oy, = 76" shock that occurred at 0528 UT. The

upstream solar wind parameters, the Alfven Mach number, magnetic field and density jumps, and
maximum Doppler frequency were essentially the same as for the earlier0515 UT shock. At the
shock, the mid-frequency wave amplitudes are strongly enhanced. The high frequency wave
amplitudes also increase behind the shock and are temporally much steadier than either the
downstream lower frequency waves or the high frequency upstream waves. Although the
previous shocks discussed above had some very weak high frequency wave activity in their
upstream regions, (the upstream region of the 1706 UT shock on September 22 may not have been
sufficiently removed from the two shock ramps to be well sampled), the 0528 UT shock has a
clearly associated, moderately intense upstream 10-31 kHz emission. The upstream electron

plasma frequency was 24 kHz, so that the 10 kHz and probably also the 17.8 kHz signals are




below the plasma frequency. For the subsolar bow shock, the region downstream of the
foreshock boundary often contains downshifted electron plasma oscillation {Etcheto and
Faucheaux, 1984; Fuselier et al., 1985] which are highly impulsive emissions in the frequency
range 0.1 f,, < f < fp.. The high frequency waves upstream of the 0528 UT shock are probably in
this category.

In the right-hand column of Figure 4, we show several 3-second average and single sweep
spectra obtained in the downstream region, and at the bottom, a 3-second average spectrum from
the upstream region. The first average spectrum exhibits a suggestion of peaks at mid-frequencies
and high frequencies, and the single measurement spectrum just below it confirms the presence of
awell-defined high-frequency peak. The second paired spectra also have two peaks. The third 3-
second average spectrum has a large peak at 1.78 kHz, with a sufficiently intense high-frequency
tail that the 10-31 kHz emission is not apparent. However, of the two single measurement spectra
(shown below) which are included in calculating the average spectrum, the second spectrum clearly
shows the high frequency peak. For comparison, the last spectrum is of the downshifted upstream
plasma oscillations. The peak amplitudes of the upstream high frequency emissions are higher
than the downstream amplitudes.

e. Conclysion

For the sub-solar bow shock, Onsager et a. [1989] demonstrated that the magnetosheath
frequency spectrum extended to well-above the maximum Doppler shift frequency and suggested
that these high frequency waves could be generated by parallel cold electron beams. The above
analysis of magnetosheath spectra for the flank bow shock showed that a distinct high frequency
wave emission extends from near the maximum Doppler shift frequency to below the electron
plasma frequency. A similar spectral component is evident in Rodriguez's [1979] high time
resolution spectra but was not noted in that paper. Thus, we conclude that the wave spectrum
between the maximum Doppler shift and electron plasma frequencies is not necessarily produced

by the same mechanism which generates the emissions at lower frequencies.
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3.0 High Time Resolytion E-Field Amplitudes

The single spectra displayed in the last section indicate that the E-field emissions in the
magnetosheath are highly structured, In this section we examine the magnetosheath E-field
amplitudes at the highest time resolution (0.5 second per spectrum) for two 90-second intervals
downstream of a quasi-parallel and quasi-perpendicular shock. Despite the very different temporal
behavior of the magnetic field behind these shocks, the E-field emissions are quite similar.

The top four panels of Figure 5 present the unaveraged, 1/6 second per vector magnetic
field components and magnitude from 1703 UT to 1704:30 UT downstream of the 1706 UT quasi-
parallel shock on September 22, 1983. Except for the substantial dip near 1703:15 UT, the field
magnitude is fairly steady near 13 nT with fluctuations of +2 nT. The BY component, essentially
in the shock normal direction, exhibits somewhat more variability, but is still fairly steady. The x
and z components, however, have fluctuations of 10 -12 nT, i.e., of order the total field
magnitude. Thus, even a very low Mach number, weak quasi-parallel shock generates order one
large amplitude rotationa turbulence in its downstream flow.

The lower panels in Figure 5 display the E-field spectra amplitudes in the frequency
channels from 178 Hz to 5.6 kHz, At low and intermediate frequencies (1.0 to 5.6 kHz) the
amplitudes can vary by one to two orders of magnitude between successive 0.5 second
measurements. The decreasing portion following some of these rapid amplitude increases exhibits
a temporal exponential decay which is characteristic of the instrument response to signals that
persist for less than the 0.5 second measurement cycle. The instrumental decay is particularly
evident in the 560 Hz channel which has a longer time constant than the other channels. Although
some of the impulsive emissions are broadband with coincident peaks in all channels from 178 Hz
to 5.6 kHz, both the low and intermediate frequency bands can independently have strong peaks.
At higher frequencies, the amplitude fluctuations are significantly smaller, rarely being larger than a
factor of 2-10, and are usually uncorrelated with variations in the lower frequency channels. The

difference in tempora properties of the high frequency and low frequency emissions further

11




strengthens our earlier conclusion that the high frequency signals represent a separate spectral
component.

Figure 6 presents high resolution magnetic field and E-field wave measurements for a
quasi-perpendicular flank shock at 0622:41 UT encounter on September 23, 1983. The shock had
an Alfven Mach number of MA = 2.46 and g, = 67”. The shock ramp is quite sharp, even though
the upstream region contained significant high frequency magnetic fluctuations. The downstream
region is very quiet with only 1nT variations in al magnetic components. The intermediate
frequency E-field signals are very impulsive, with some amplitude changes exceeding a factor of
100 in one measurement cycle. At low frequencies both the amplitudes and fluctuations are
smaller. The high frequency band (1 O to 56 kHz) has a distinctly different temporal character,
exhibiting very modest amplitude variations. The persistent “ripple” in the 17.8 kt1z amplitudes
occurs at approximately twice the spin-frequency (= 0.33 Hz) of ISEE-3, and indicates that this
emission is polarized (see Section 5 below).

Rapid temporal variability is characteristic of the E-field waves downstream of the nose
region bow shock, with the broadband “spikes’ [Anderson et a., 1982] and “festoons’
[Gallagher, 1985] being two conspicuous examples. The ISEE-3 wave instrument may not be
capable of detecting spikes if their duration is less than the 8 msec inferred by Anderson, et al,
[1982]; the AGC rise time of the ISEE-3 digital channelsis at about 10 times longer than 8 msec.
However, in the ISEE- 1 f-t wideband displays, the spikes appear to persist much longer than 8
msec; also, the spikes are detected in the | SEE- 1 digital channel measurements whose electronics
are similar to those of the ISEE-3 wave instrument. Thus the impulsive E-field emissions
measured downstream of the weak flank shocks could be of the same tempora character as the
spiky waves detected by Anderson, et al. [1982] in the nose magnetosheath region.

For plasma conditions in the distant flank magnetosheath, the ISEE-3 wave instrument can
be affected by the festoon-type modulation. The ISEE-3 antennais L = 90 m (tip-to-tip), which is

only somewhat smaller than the L = 215 m ISEE 1 antenna. For alinearly polarized electrostatic
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wave with wave vector k; projected on the plane of the rotating antenna, the average potential

across the antenna is given by Gallagher [1985].

~ 6 Sin2
¢(W)_Z I;IL

where x = (k1./4) cos y involves the angle y between K and the antenna, and ¢ is the wave
potential amplitude. When k1./4 <<1, $ (y) is only weakly modulated, ¢ o< cos y; since the
ISEE-3 detector samples the potential at 60° intervals of rotation phase, we would expect variations
in ¢ (y) to betypically in the range 2 to 4. For k;1./4 2 &, ¢ (y) has nulls in addition to the
orthogonality nulls at y = n/2, 3n/2, and a strong maximum at tan x = 2x or x = 1.16; even for

k L/4 <, ¢ (y) has a modulation which is much larger than the variation of cos y for 0< y <
80".

The plasma conditions downstream of the 1706 UT (0620 UT) flank shock produce an
electron Debye length of Ap = 610 cm (780 cm) which corresponds to K 1/4=29k Ap (3.7
kjAp). Thus, linearly polarized waves with k Ay, - 1 are subject to festoon modulation. A close
examination of Figures 5 and 6 revedls intervals when the E-field amplitudes are strongly
modulated at twice the satellite spin frequency; eg, near 1704 UT in the 1.0, 1.78, and 3.1 kHz
channels, 1703:40-1704:00 in the 178 Hz channel, and throughout most of the 0621:30-0623:00
UT period in the low and mid-frequency channels. A strong festoon modulation (kL/4 = &) pattern
consists of 2 large peaks symmetric about = 90° per half spin period; however, the two peaks are
separated by less than 60° in rotation phase (one 0.5 sec sampling interval), and thus could be
detected as a single maximum by the ISEE-3 wave instrument. In addition to spin ripple, the
strongest evidence that the ISEE-3 measurements are affected by the festoon modulation is that
adjacent maximum and minimum amplitudes typically differ by factors of 10 to 100, which is
much larger than would be expected for a simple cos y modulation but could be produced by the
festoon effect when k1L./4 = &.

Clearly the ISEE-3 wave instrument cannot definitively determine whether festoon

modulation is affecting the measured amplitudes, and/or whether the observed variability results
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fromimpulsive spikes. Experience from the nose region magnetosheath suggests that both should
be present downstream of the flank shocks. If the festoon effect is important, we would conclude
that the wavelength of the emissions in the frequency band from 200 Hz to 3 kHz (the same range
identified by Gallagher, 1985) is of order 0.5< kAp S 1 or even somewhat higher. However,
careful visual inspection of the ISEE- 1 digital channel measurements at 0.25 sec resolution
presented by Anderson et al. [1982] casts some doubt as to whether the ISEE-3 data contains either
spikes or festoons. In the ISEE- 1 data, spikes appear as simultaneous emissions from 1.0to31
kHz; the ISEE-3 impulsive signals do not extend across such a broad frequency range. The
response of the ISEE- 1 channels to festoon modulation is a constant or dowly varying amplitude,
in striking contrast to the large mid-frequency amplitude variations observed in the ISEE-3 data.
Thus a possible, and perhaps the most reasonable, conclusion is that the observed ISEE-3
amplitude variations result from rotational maapoIinzZea emission combined with
intrinsic temporal variability of the wave amplitudes.
4.0 Electric Field Svectra - Averags and Comparisons

In this section we focus on the average spectral characteristics of the intermediate to low
frequency magnetosheath emissions and compare the downstream regions of the flank and nose
bow shocks. Figure 7 displays one-minute average and peak spectra for the two quasi-paralel and
quasi-perpendicular shocks which we discussed in the last section. The two quasi-parallel average
spectra exhibit a plateau from 100 Hz to 1.78 kHz at an amplitude of 2 x 10-5 V/m - Hz)12; the
plateau passes through both the electron cyclotron and ion plasma frequencies. Above the ion
plasma frequency, the spectrum falls monotonically; however, a weak upward inflection in the
slope is apparent near the maximum Doppler shift frequency, which indicates the existence of the
high frequency mode between the ion and electron plasma frequencies.

The spectra of the two quasi-perpendicular shocks appear different. A very well-defined
spectral peak occurs near 1.78 to 3.16 kHz or roughly 2 to 5 times the ion plasma frequency, and a
deep minimum exists between 100 Hz and 300 Hz. Since the average (and peak) amplitudes and

gpectral shape from 1-30 kHz are similar for the quasi-parallel and quasi-perpendicular shocks, the
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relatively stronger (weaker) emission at 100 Hz to 300 Hz in the quasi-parallel (quasi-
perpendicular) shock IS responsible for the plateau (valley) shape of the spectra. At high
frequencies, the quasi-perpendicular spectra also exhibit an upward inflection near the maximum
Doppler frequency.

Figure 8 displays four magnetosheath spectra obtained by different spacecraft near the nose
region of the bow shock. The one-minute average peak spectrum in 8a was measured by the
ISEE-3 wave instrument on October 1, 1983, shortly after crossing an Alfven Mach number 11.7,
Oy, = 72" shock. The broad 31 Hz to 560 Hz spectral plateau or gentle bump and the steep fall-of f
above the ion plasma frequency are typica of the spectra measured in strong shocks [Gurnett,
1985]. Figure 8b and 8c show two magnetosheath spectra measured by Rodriguez [1979] with
IMP-6; the lower (upper) curveisab5.6-minute average (0.1 second accumulation). The IMP-6
spectrum in Figure 8b was measured in the dawnside sheath at 60" to the sun-line. The low
frequency portion of the peak spectrum in Figure 8a and 8b are nearly identical. In the range f},; <
f <fpe. the IMP-6 spectrum has a slight bump or upward inflection which resembles the enhanced
high frequency emission observed downstream of the flank shocks.

Figure 8d shows a nose region magnetosheath spectrum measured by the AMPTE wave
SFR receiver [Onsager et al., 1989] downstream of an MA =7, (I,,= 86" shock; to obtain Figure
8d, we have sampled the continuous SFR spectrum at the ISEE-3 logarithmically-spaced channels.
The AMPTE and the Figure 8c IMP-6 spectra exhibit clear peaks of 1.0 kHz and 1.78 kHz,
respectively, and the fall-offs in amplitude with frequency are similar. The AMPTE spectrum was
measured in the dawnside sheath at 72" to the sun-line; the IMP-6 spectrum was also obtained on
the dawnside but at about 20 R.downstream of the terminator.

In comparing the spectra in Figures 7 and 8, the most striking relations between the flank
and nose region emissions are: 1) the absence of the intense low frequency (30-300 Hz) "shock-
like" component in the flank spectra; and 2) the strength of the intermediate frequency (1 -3 kHz)
emissions on the flank is comparable to those in the nose region. At 1 kHz, Rodriguez [1979]

found typical peak (O. 1 see) amplitudes of 10-4 to 10-5 V/m - YHz, and a 5.46-minute average
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amplitudes of 10-6 to 2 x 10-7 vim - YAz; amplitudes at these nose region levels are clearly present
behind the lower Mach number flank shocks. In a statistical analysis of the AMPTE
measurements, Onsager et al. [1989] found that the integrated wave energy density in the 0.2 kHz
to 4 kHz band normalized to the electron pressure (W = E2/87che) was W <10-10 for both quasi-
perpendicular and quasi-parallel shocks with My > 5. The quasi-parallel flank shocks in Figure 7b
have W =~10-9, and the two guasi-perpendicular shocks have W = 2 x 10-9 (0528 UT) and

W =3x10-10 (05 15 UT). Hence, in both absolute wave intensity and normalized wave energy
density, the flank magnetosheath waves are just as powerful as those which are observed in the
nose region magnetosheath downstream of a significantly stronger bow shock.

5.0 Electric Field Polarization

The published reports on the electric field polarization of the nose region magnetosheath
emissions are not entire] y consistent. Rodriguez [1979] concluded that the E-field was
predominately parallel .to the magnetic field. Anderson et al. [1982] found that the strongest spikes
were polarized along the flow direction and that weaker spikes were field-aligned; for the festoon
emissions, they reported perpendicular (parallel) polarization at =2 kHz (€ 2 kHz) frequencies.
Gallagher [1985] states that although the festoon modulation requires a highly polarized wave, the
electric field orientation had no relation to either the flow velocity or magnetic field directions.
Finaly, Onsager et a. [1989] state that the magnetosheath waves are polarized along the magnetic
field.

Figure 9 displays the electric field polarization for the interval 0621:00 to 0622:30 UT
downstream of the 0620 UT shock on September 23, 1983. In these polar representations, the
radial distance is proportiona to the logarithm (base 10) of the electric field spectral amplitude with
arange of five decades from the center to the edge; the polar angle is measured from earth-sun line
with the sun to the right. The lines at 35" and 2 15" mark the ecliptic projection of the downstream
magnetic field; the field inclination was only 9" with respect to the ecliptic plane (the plane of the
ISEE-3 antenna). From Figure 6, the magnetic field was very steady in direction and magnitude

during the 90-second interval of polarization samples in Figure 9.
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In the three lowest frequency channels, 178 Hz, 316 Hz; 1.0 kHz, the highest electric field
amplitudes clearly have a tendency to occur when the antenna is oriented parallel to the magnetic
field. At mid-frequencies (1 .78,3.16, and 5.67 kHz), the electric field does not exhibit a clear
polarization, although the 1.78 kHz channel could be weakly polarized. Since the solar wind flow
behind the weak quasi-perpendicular shock remains directed along the earth-sun line, i.e., aimost
the magnetic field direction, the absence of a clear mid-frequency polarization also implies that the
waves are not polarized along the flow direction, In the two high frequency channels (10 and 17.8
kHz), the electric field is clearly polarized along the magnetic field; the coherent polarization at
these frequencies supports the earlier conclusion based on spectral properties that this band
represents a separate emission,

Figure 10 presents the electric field polarization measurements obtained between 1703:30
and 1705:00 UT downstream of the September 22, 1983, 1706 UT quasi-parallel shock. From
Figures 1 and 5, during this period the x and z. components of the magnetic field underwent large
oscillations. Given this level of magnetic turbulence, it is, perhaps, not surprising that none of the
frequency channels exhibit even a mild tendency toward a preferred polarization direction. Since
the solar wind flow velocity is little affected by the magnetic turbulence, the absence of a
polarization along the earth-sun line strongly suggests that the waves are not polarized along the
plasma flow direction.

6.0 Discussion

The electric field turbulence just downstream of the bow shock on the distant flank of the
magnetosphere is quite similar in both wave amplitude and spectral character to the waves observed
in the nose region magnetosheath behind a much stronger shock. The average E-field spectra
generated by the low Mach number quasi-perpendicular shocks exhibits a strong mid-frequency
peak which occurs just above the ion plasma frequency but well below the maximum Doppler shift
frequency. The average downstream quasi-parallel wave spectra are plateau-shaped due to a low
frequency (100-300 Hz) emission which is absent behind quasi-perpendicular shocks; from 1-30

kHz, the spectra are similar for both types of shocks. However, in contrast to the nose shock
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region, the average spectra of the flank shocks do not show a low frequency peak--the shock-like
spectrum of Rodriguez { 1979] --although single sweep spectra occasionally exhibit a dominant low
frequency emission. Both the absolute and the normalized E-field amplitudes produced by the high
Mach number nose and low Mach number flank shocks are comparable. The very steady magnetic
field downstream of the weak quasi-perpendicular shocks provided an ideal opportunity to measure
the E-field polarization, a somewhat uncertain property of the nose magnetosheath waves. The
emissions from 178 Hz to 1.0 kHz are clearly polarized along the magnetic field direction, which,
for the shocks examined, is also the flow velocity direction. Near the 1.78 kHz -3.11 kHz
spectral peak, the emissions do not show a dominant polarization. The E-field signals downstream
of the flank quasi-parallel shock did not exhibit a polarization at any frequency, perhaps a
consequence of the very turbulent magnetic field direction.

At high frequencies (10 kHz -30 kHz), we have identified a separate wave emission by a
clear peak in higher time resolution spectra and a distinct inflection in the slope of the average
spectra. This high frequency component occurs above the maximum Doppler shift frequency for
kAp = 1, but below the electron plasma frequency and is clearly polarized parallel to the magnetic
field behind the quasi-perpendicular shocks. For the nose magnetosheath waves, Onsager et al.
[1989] emphasized the occurrence of emissions above the maximum Doppler shift frequency but
did not identify this high frequency band as a separate emission as distinguished from a smooth
continuation of the high frequency tail of the mid-frequency peak.

At high time resolution, the low and mid-frequency E-field waves exhibit rapid temporal
vanability with amplitude fluctuations of 10 to 100; the high frequency component varies by
factors of 2 to 4. The amplitude variations often are modulated at twice the ISEE-3 spin frequency.
The most straightforward interpretation of this spin-ripple is that the wave E-fields are coherently
polarized on time scales of severa satellite rotations. The low and high frequency components do
exhibit a well defined polarization direction, and their relative low to modest amplitude fluctuations
could be consistent with a simple cosine projection of the electric field on the antenna. The mid-

frequency signals do not exhibit a clear polarization, although the large amplitude fluctuations
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could render a polarization undetectable in the ISEE-3 data. We discussed the possibility that
festoon modulation might be responsible for the amplitude variations, but, based on a visua
comparison with the ISEE-1 channel measurements of festoons, we believe that this explanation is
unlikely. Furthermore, in the distant geomagnetic tail, the ISEE-3 wave detector has measured
rapidly varying signa amplitudes in the low and mid-frequency channels in plasmas where the
very long Debye length precludes festoon modulation; these highly impulsive signals also often
appear to be modulated at twice the satellite spin-frequency. Thus we conclude that the mid-
frequency emissions downstream of the flank shocks are probably intrinsically highly impulsive.

The origin of these shock associated emission is at present unknown. Onsager, et a’s
[1989] suggestion that cool electron beams can excite waves with f>fD might explain the high
frequency wave component if the electron beam speed is comparable to the background electron
thermal speed. The well defined parallel polarization of these emissions argues in favor of an
unstable mode ongin. Onsager, et. al., [1989] suggest that the cold electron beams might be
formed by a "time-of-flight" mechanism, as occurs in the foreshock region [Filbert and Kellogg,
1979]; spatial and temporal discontinuities in the shock structure would accelerate cold electron
beams that traveled downstream, or stable enhanced super-thermal tails at the shock overtake
downstream electrons with suppressed tails to create localy unstable distributions.

Here we suggest that the high frequency waves are generated by a variation of the "time-of-
flight” mechanism which involves the low energy part of the electron distribution. In crossing a
fast, non-perpendicular shock upstream electrons are accelerated downstream by the cross-shock
potential electric field and decelerated by the parallel magnetic gradient force [Feldman, 1985;
Scudder, et. al., 1986]. If the electron motion through the shock were strictly adiabatic, alarge
void would develop in the low energy electron distribution, and the electron density would be
insufficient to balance the compressed ion density. Thus the electron void must be rapidly filled by
scattering upstream electrons into the void as they transit the shock [Veltr, et. a., 1990] and/or by
populating the void's phase space region with downstream electrons that travel toward the shock.

Although the detailed physical processes responsible for filling the void are still unclear, it is very
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unlikely that the distribution of the electrons that fill the void will always match smoothly with the
electron distribution outside of the void. Furthermore, temporal and spatia variability in the shock
structure will induce fluctuations in the void boundaries and filling rates which w-ill propagate
downstream and create local discontinuities in the electron distributions by the “time-of-flight”
process.

As a simple model for a discontinuity in the distribution function, we model the reduced
parallel electron distribution (after integrating over the perpendicular velocity) by

F(vio=fiH@-vy))+fH (viJU ) 1)
where f) (f,) is Maxwellian with density n; (n2) and temperature T,(T,), and H(X) is the
Heavyside step function. If f (u) = f,(u), F (v,;) has a discontinuity at the speed V,1=u.
Substituting F (v11) into the electrostatic dispersion relation for paralel propagating waves, and
neglecting the ion contribution for waves with frequencies well-above the ion plasma frequency,
the dielectric function can be written as [Coroniti, et. a., 1993]
e=1+k*Ap- u»_—‘-\fﬁ-( +inR -k‘% 2

where A, is a slightly modified Debye length, and a2=MTm)™ |f n = n + &n, T,= T,+ 8T
with 8n/n, <<1and 8T/T; << 1, the parameter A, which measures the discontinuity in F(v 1) is

approximately

_expl-wad][3n 5T . w2 5T
A== m2m T a1 @

and R = 1Ax. In deriving (2), w/k was assumed small compared to the thermal speed, and the

nonresonant terms proportional to w2/k2a2 and higher were dropped.
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For A <<1, the solution to& = O is the dispersion relation

AQ+IAD) . Al

WKi=T-,
(1+k2112)ﬂ

4
(82 + (1 +x2 22)] KR[EQ

41
n2 R2

whereii = u/a, Thusif A >0, the discontinuity excites a “beam-like’ mode with real frequency (in
the solar wind frame) ®r = ku and growth rate y~ Aw,An_ The growth rate maximizes at

2 172 .
k2Ap = - U3+ [4/9 + n/317) , so that waves should be excited up to wave number kAp -1. In
U+ Vg,

the spacecraft frame the wave frequencies can extend up to f ~kADV, ) fp,which can be

comparable to fp..

=~ (eE/mk)!/?

wr
The instability should saturate when the effective trapping velocity k becomes

comparable to the difference between the discontinuity speed u and ayk;electrons with vil= u will
then be in Landan resonance with the excited waves and scattering by the wave electric field will
smooth the discontinuity. Setting wr/k ~ aA (from (4)), we find the saturation electric field E ~
(m/e) kKAD a wp A2 For a frequency f- 10 kHz, and the typical downstream parameters of the
flank shocks the, saturation amplitude is Ev= EAT ~ 3x 102 A’V/m -YHz_ Since the observed
peak amplitudes, of the high frequency emission are -107 V/m-YHz, we can estimate the
discontinuity parameter as A - 10-3. Thus only very small perturbations in the value of the local
electron distribution function, but correspondingly large gradients in velocity space, may be
required to generate the polarized high frequency waves.

Downstream of shocks, and presumably other large scale discontinuities and boundaries, the
relaxation of the electron distribution to a smooth equilibrium state is prevented by the electron’s
rapid ballistic communication with the fluctuating shock structure. “Time-of-flight” effects
continuously induce small local discontinuities in the distribution function which excite and are
removed by a low level of electric field wave turbulence. Just how far downstream this wave
turbulence extends is an open question, but the high electron thermal speed suggest that the

relaxation region could be very large.
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Findly, the identification and origin of the intermediate frequency emission remains
uncertain. Rodriquez [1979] noted that the peaked spectral shape of the magnetosheath signals
was similar to the so-called ion acoustic waves detected in the solar wind [Gurmett and Frank
1978] and in regions upstream of the quasi-parallel bow shock. Figure 11 compares a one minute
average spectrum obtained downstream of the 0620 UT quasi-perpendicular flank shock and an
upstream wave spectrum measured by ISEE-2 [Anderson etal, 1981]; clearly the peak and one-
minute average upstream and downstream spectra are nearly identical. Anderson, et al [1981]
Eastman, et a [198 1], and Parks, et al [1981] demonstrate that the upstream mid-frequency
emissions are closely associated with enhanced fluxes of escaping ions which maybe non-
gyrotropic and bunched in physical space. Using wideband measurements, Anderson, et al [1981]
showed that the broad spectral peak resulted from frequent, rapid (10-20 see) sweeping of the
center frequency of arelative] y narrow band (~ 1 kHz) emission over arange from 1 to 10 kHz.
Since 10 kHz was near the maximum Doppler shift frequency for kAD = 1, they interpreted the
mid-frequency emissioﬁ as parallel propagating ion acoustic waves with a variable Doppler shift
frequency due to changes in the magnetic field direction, However, from a festion modulation
analysis Fusilier and Gurnett [1984] found that the upstream waves propagated at 40° + 20° to the
magnetic field rather than parallel. Furthermore the magnetic field variations measured during
several of Anderson, et a’s sweeping events are inconsistent with a Doppler shift interpretation of
the observed frequency changes if k is parallel to B.

In the absence of wideband measurements we cannot determine whether the downstream
mid-frequency emissions have a sweeping frequency character, athough the similarity of the
downstream and upstream spectra suggest this possibility. If the downstream waves are
intrinsically narrowbanded with a variable center frequency, the frequency sweeping cannot be due
to magnetic field fluctuations since the field downstream of the weak quasi-perpendicular shocks
was very steady. If in addition, the downstream waves are associated with suprathermal ion
fluxes, possibly with non-gyrotropic distributions, then even weak shocks, must be capable of

accelerating ions to severa times the solar wind speed.
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Figure Captions

Figure 1: The quasi-parallel flank bow shock observed by ISEE-3 on September 22,1983, The
top left panel shows the wave electric field spectral amplitude with a scale of five decades; the solid
(single) curve is the 3-second average (peak in three-second intercals) and the channel frequencies
range from 178 Hz to 56.2 KHz. The two lower left panels show the 3-second average magnitude
(B and Z-component (B,) of the magnetic field The right panel displays selected electric field
amplitude spectrafrom 10 Hz to 100 KHz. The two shock crossings occurred at 1706 and 1708
UT, and had shock normal angles of ©Bn = 190.

Figure 2: The Bn = 370 quasi-parallel bow shock observed by ISEE-3 at 1552 UT on September
22, 1983. The format is the same asin Figure 1. The numbers 1 and 2 refer to the times at which
the two 3-second peak and average electric field amplitude spectra were obtained.

Figure 3: The 98n = 620 quasi-perpendicular bow shock observed by ISEE-3 at 0515 UT on
September 23, 1983. The format isthe same asin Figure 1.

Figure 4: The ©Bn = 720 quasi-perpendicular bow shock observed by ISEE-3 at 0528 UT on
September 23, 1983. The format is similar to Figure 1 except that the X-component of the
magnetic is displayed instead of the Z-component.

Figure 5: High time resolution measurements from 1703 to 1704:30 UT downstream of the
September 22, 1983, quasi-parallel bow shock. The top four panels display the unaveraged, 1/6
second per vector, magnetic field components and magnitude. The bottom panels display the wave
electric field spectral amplitudes at the highest resolution of 0.5 second per spectrum; the amplitude
scale covers four orders of magnetude.

Figure 6: High time resolution measurements from 0621:30 to 0623:00 UT for the 0622 UT
BBn = 670 quasi-perpendicular shock observed by ISEE-3 on September 23, 1983. The format is

the same as Figure 5. The shock ramp occurred at 0622:44 UT and was very sharp even in the
high resolution magnetic field measurements. Although the upstream region contained significant
high frequency magnetic fluctuations, the downstream field was very steady.
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Figure 7; One minute peak (upper curve) and average (lower curve) electric field amplitude spectra
for the two September 22, 1983 quasi-parallel shocks (top panels) and the two September 23,
1983 quasi-perpendicular shocks (bottom panels) fce denotes. the electron cyclotron frequency, fpi

(f,) denotes the ion (electron) plasma frequency, and fp is the maximum Doppler shift frequency
for waves with kKAp = 1.

Figure 8: The upper left panel (a) is an one minute peak and average electric field amplitude
spectrum obtained by ISEE-3 on October 1, 1983 downstream of a strong quasi-perpendicular

bow shock which was crossed near the nose of the magnetosphere. Panels& b and 8¢ are
magnetosheath electric field amplitude spectra measured by the IMP 6, and have been derived from
the power spectra presented by Rodriquez (1979); the upper (lower) curve is the 0.1 second (5.6
minute average) spectrum. Panel 8d is the electric field amplitude spectra measured by the AMPTE
swept frequency receives in the nose region magnetosheath; the spectrum was adopted from the
measurements presented by On sager, et al. (1989).

Figure 9ab: Electric field wave polarization downstream of the September 23,19830622 UT
quasi-perpendicular shock. The radia scale in each polar plot represents five orders of magnitude
in spectral amplitude. Each point is the ecliptic plane component of the electric field spectral
amplitude measured at the corresponding phase angle with the sun at the right. The line labeled B
represents the projection of the magnetic field onto the rotational (ecliptic) plane of the ISEE-3
electric field antenna.

Figure 10ab: Electric field wave polarization downstream of the September 22,19831706 UT
quasi-parallel shock. The format isthe same asin Figure 9.

Figure 11: Comparison between the electric field amplitude spectrum measured by 1SEE-3
downstream of the 0620 UT quasi-perpendicular flank bow shock (solid curve) and the spectrum
measured by ISEE-2 in the region upstream of the nose region bow shock (dashed curve). The
upstream spectrum is adapted from a spectrum shown by Anderson, et. al (1981).
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